In chloroethene-contaminated sites undergoing in situ bioremediation, groundwater acidification is a 17 frequent problem in the source zone, and buffering strategies have to be implemented to maintain the 18 pH in the neutral range. An alternative to conventional soluble buffers is silicate mineral particles as a 19 long-term source of alkalinity. In previous studies, the buffering potential of these minerals has been 20 evaluated based on abiotic dissolution tests and geochemical modeling. In the present study, the 21 buffering potential of four silicate minerals (andradite, diopside, fayalite and forsterite) was tested in 22 batch cultures amended with tetrachloroethene (PCE), and inoculated with different organohalide-23 respiring consortia. Another objective of this study was to determine the influence of pH on the different 24 steps of PCE dechlorination. The consortia showed significant differences in sensitivities towards acidic 25 pH for the different dechlorination steps. Molecular analysis indicated that Dehalococcoides spp. that 26 were present in all consortia, were the most pH sensitive organohalide-respiring guild members 27 compared to Sulfurospirillum spp. and Dehalobacter spp. In batch cultures with silicate mineral 28 particles as pH buffering agents, all four minerals tested were able to maintain the pH in the appropriate 29 range for reductive dechlorination of chloroethenes. However, complete dechlorination to ethene was 30 only observed with forsterite, diopside, and fayalite. Dissolution of andradite increased the redox 31 potential and did not allow dechlorination. With forsterite, diopside and fayalite, dechlorination to 32 ethene was observed but at much lower rates for the last two dechlorination steps compared with the 33 positive control. This indicated an inhibition effect of silicate minerals and/or its dissolution products on 34 reductive dechlorination of cis-DCE and VC. Hence, despite the proven pH buffering potential of 35 silicate minerals, compatibility with the bacterial community involved in in situ bioremediation has to 36 be carefully evaluated prior to their use for pH control at a specific site. 37 KEYWORDS: Groundwater acidification, in situ bioremediation, buffer injection, silicate minerals, 38 organohalide respiration, chlorinated solvents 39 on August 15, 2017 by guest
Introduction 40
Chlorinated ethenes such as tetrachloroethene (PCE) and trichloroethene (TCE) are among the most 41 common groundwater contaminants in industrialized countries because of their extensive use and their 42 persistence in the environment (1). Among the various decontamination strategies developed in the past 43 decades, in situ bioremediation has been recognized as a cost effective and viable option and has been 44 successfully applied for remediation of sites contaminated with chlorinated solvents (2, 3). This 45 technique relies on the activity of organohalide-respiring bacteria (OHRB) that reduce chlorinated 46 ethenes stepwise to the innocuous end-product ethene, an anaerobic microbial process called 47 organohalide respiration (OHR) (4). 48
In some situations, in situ bioremediation efficiency is reduced by the acidification of groundwater due 49 to substrate fermentation and OHR (3, (5) (6) (7) . The extent of groundwater acidification is related to the 50 amount of substrate transformed and to the natural buffering capacity of the soil. Due to the larger mass 51 of pollutant present, acidification is more likely to occur in the vicinity of the source zone of chlorinated 52 ethenes (8, 9) . The tolerance of OHRB to low pH has been studied for pure cultures (10-18) and some 53 consortia containing OHRB (19, 20) . It has been shown that OHRB are inactivated under acidic 54 conditions (pH < 5) and therefore pH buffer amendments are required when aquifer pH is below 5 or 55 8 mineral powder was rinsed and sonicated (2 × 5 min in ethanol then 5 min in milliQ pore water) and 164
washed for 24 h in milliQ water as proposed by Barker et al (46) to remove fine particles. The mineral 165 samples were further dried overnight at 60°C and were sterilized by heating to 150°C for 3 h. Chemical 166 compositions were determined by X-ray fluorescence (XRF) analysis with an XRF spectrometer Philips 167 PW2400 and by laser ablation inductively coupled plasma mass spectrometry (ICP-MS) with a 168 quadrupole spectrometer Elan 6100 DRC. The specific surface area of the cleaned mineral powder was 169 determined by the multi-point nitrogen adsorption BET method with a Quantachrome Nova surface area 170
analyzer (Quantachrome GmbH & Co. KG, Germany) . 171
Evaluation of buffering capacity of silicate minerals in biotic experiment 172
Biotic experiments to investigate the acid neutralizing capacity of silicate minerals during OHR of 173 chlorinated compounds were performed with the two consortia SL2-PCEa and SL2-PCEb. Duplicate 174 batch tests were conducted in 120-ml serum bottles containing 50 ml of sterile anaerobic growth 175 medium, modified from Holliger et al. (17) to reduce the soluble buffering capacity so that the main 176 source of pH buffering was the mineral powder. The following modifications were made: K 2 HPO 4 was 177 added at only 0.49 mM and NH 4 HCO 3 at 0.98 mM, and NaH 2 PO 4 and NaHCO 3 were completely 178 omitted. The medium was reduced by addition of Na 2 S (1 mM). For the consortium containing 179 Dehalococcoides (i.e. SL2-PCEa), additional experiments showed that the ionic strength of the low-180 buffered medium was too low and resulted in an inhibition of cis-DCE degradation by Dehalococcoides 181 (Fig S1) . Therefore, for this consortium, the ionic strength of the anaerobic medium was increased by 182 the addition of 32 mM of NaCl. 183
Electron donors, substrates and PCE were amended as described above and detailed experimental 184 conditions for the two consortia are listed in Table 2 . The nominal PCE concentrations in the medium 185 were equal to 2.5 mM and 1.25 mM for SL2-PCEb and SL2-PCEa, respectively. Acetate (2 mM) was 186 added as carbon source. The mineral powder was added to the batch cultures under aseptic conditions 187 before gas exchange and addition of Na 2 S. The amount of sterile mineral powder added to each batchculture was based on geochemical simulations described below. The amount of mineral, listed in Table  189 2, was chosen such as to maintain the pH in the tolerance range for each consortium. Two types of 190 controls without mineral powder were performed, a "positive" control with a standard medium buffered 191 by bicarbonate as described previously (17) and a "negative" control with the low-buffered medium 192 described above. The batch cultures were incubated in the dark at 30°C on an overhead shaker at 20 193 rpm. Measurements of pH and chloroethenes were performed on a regular basis. Analytical 194 measurements were performed until complete transformation of chloroethenes to ethene (for SL2-PCEa) 195 or cis-DCE (for SL2-PCEb) or until dechlorination ceased due to inhibition. For the consortium PCEa, measurement of dissolved trace elements concentrations (Cd, Cr, Cu, Pb, Zn, Ni, Mn, Co, As) 197 resulting from mineral dissolution were performed at the end of the experiment. Koeniz, Switzerland) coupled to a flame ionization detector. One hundred microliters of gas samples 203 were collected from the headspace with a Hamilton gastight syringe (Leno, NV) and analyzed on the 204 GC with a 1.3 ml min -1 flow of nitrogen carrier gas. The initial temperature was 45°C; the column was 205 kept at 45°C for 3 min, and then the temperature was raised to 75°C at a rate of 15°C min 
Modeling approach 210
A geochemical model was used to determine the amount of mineral needed to maintain the pH neutral 211 during the biodegradation of a given amount of chloroethenes. Numerical simulations were performed 212 with the geochemical software PHREEQC-2 (47) and with the database MINTEQA2 (48) using a( )
modified version of the geochemical model described in Lacroix et al. (28) . The amount of mineral 214 needed was chosen such that the cations released by mineral dissolution counterbalanced acidity 215 production by bacterial activity. The primary goal of the model was too determine the amount of 216 mineral needed to counterbalance a given rate of acidity production. Following the approach of 217 Robinson et al. (9) , the acidity rate for each step of the dechlorination pathway was fixed and modeled 218 as a first order kinetic rate. The kinetic constant was defined according to preliminary experiments 219 where the consortia were grown in the same medium with the same amount of chloroethenes. The 220 acidity production rate was expressed as follow: 221
where R i is the degradation rate of the chloroethene i, C i (mol l -1 ) is the aqueous concentration of the 223 chloroethene I, k i (s -1 ) is a first-order kinetic rate constant. Note that this rate expression is only valid for 224 the given conditions of this experiment (see values in Table S1 ). The pH inhibition function f(pH) was 225 expressed as: 226
where pH opt is the optimal pH, and n and σ are empirical parameters that were estimated by fitting Eq.1 228 to experimental observations. Partitioning of chloroethenes between the hexadecane, gas and water 229 phases was expressed as: 230 (4) 231 where M (mol) is the total mass of chloroethenes in the system; C w , C g and C h (mol l -1 ) are the 232 concentrations of the chloroethenes in the aqueous, gas and hexadecane phases, respectively, V w ,V g and 233 V h are the volumes of the three phases, H cc (-) is Henry's constant for partitioning between the aqueous 234 and gas phases, and K h-w (-) is the water-hexadecane partition coefficient. The parameters used in this 235 equation are listed in Table S2 The following hypotheses were made, (i) the reactive surface area is equal to the measured BET surface 246 area, and (ii) no passivation of mineral surfaces occurred. The values of all the parameters related with 247 mineral dissolution are listed in Table S3 . 248
249

Results
250
Influence of pH on OHR rates 251
Five organohalide-respiring consortia were used to test the influence of pH on OHR rates. The 252 incubation period of these tests was 23 d for consortium SL2-PCEb, 91 d for PM and 110 d for the other 253 three consortia. A small pH drift (between 0.3 to 1 pH units) was always observed due to insufficient 254 buffering capacity of the zwitterionic buffer. To overcome the impact of pH drift on data analysis, OHR 255 rates were calculated between two time steps during which pH variations were negligible. The 256 dechlorination patterns under standard conditions (i.e., at pH 7) were different for the five consortia 257 ( ) transformed to ethene without accumulation of intermediate products (Fig. 1) . The pH sensitivity of 262 OHR rates exhibited significant differences between consortia and between each step of the OHR 263 pathway (Fig. 2) . The parameters of the pH inhibition function (Eq. 3) for each consortium are listed in 264 Table 3 . The degradation of the lesser chlorinated compounds was more sensitive towards acidic pH. 265
During the experiment conducted with SL2-PCEa, cis-DCE was formed down to pH 4.8, VC down to 266 pH 5.3 and ethene down to pH 5.9. The tolerance towards acidic pH conditions was also variable 267 between the five consortia. SL2-PCEb and SL2-PCEa were the most tolerant while AQ-5 was extremely 268 sensitive to acidic conditions. For this consortium, the lowest pH at which dechlorination was observed 269 was 6.15 and a small change in initial pH had a strong impact on the dechlorination pattern. At pH 7, 270 AQ-5 transformed PCE directly to ethene without accumulation of intermediate products while at pH 271 6.5, accumulation of cis-DCE was observed and no formation of ethene ( Fig. 1) . 272 experiment which correlated with the dechlorination end product observed. At pH 5 and 5.5 with cis-283 DCE as dechlorination product, SL2-PCEa was dominated by Sulfurospirillum spp. (78% ± 7% at pH 5) 284 while at pH 6 to 7.5 with ethene as dechlorination end product Dehalococcoides spp. was the most 285 abundant OHRB (77.5% ± 1% at pH 7.5). In the consortium AQ-5, Dehalobacter spp. was predominant 286 at pH 6.5 (74% ± 1%) while Dehalococcoides spp. was predominant at pH 7 (76% ± 4.5%) at the end of 287 the experiment. 288
Acid neutralizing capacity of silicate minerals during growth of OHRB 289 Figure 3 shows the evolution of pH in the batch cultures containing minerals and OHRB. In positive 290 controls, pH remained rather constant in the range of 7.2 to 7.5. On the contrary, in the negative control, 291
OHR activities resulted in a pH decrease to the inhibition value for OHRB. 292
In batch cultures containing silicate mineral powders, pH remained in a range that was above the acidic 293 limit below which OHR activity of the consortia was fully inhibited. In cultures of SL2-PCEb, pH was 294 maintained between 5.5 and 7.5 by andradite, fayalite, forsterite and diopside while in the cultures of 295 SL2-PCEa, the same minerals maintained the pH in the range of 6.6 and 8.3. 296
OHR activity with silicate minerals as pH buffering agent 297
Figure 4 presents the dechlorination pattern over time for the positive and negative control and for the 298 batches containing a silicate mineral with SL2-PCEa as inoculum. An increase of the lag phase was 299 observed from 2 days for the positive control to 5 days in the negative control, 9 days with fayalite and 300 forsterite, and 16 days with diopside. The same observation of increased lag phase in the presence of 301 minerals was also made in cultures of consortium SL2-PCEb. In the negative controls, a stop of the 302 dechlorination process was observed due to acidification of the medium. For instance, dechlorination 303 stopped after 4 days in the negative control of SL2-PCEb with 41 % of TCE and 60% of cis-DCE as 304 dechorination end products. Dechlorination of PCE to cis-DCE was complete in the presence of fayalite, diopside and forsterite with 307 the two consortia SL2-PCEa and SL2-PCEb. However, in the presence of andradite, the transformation 308 of PCE to cis-DCE was either partially (for SL2-PCEb) or fully inhibited (for SL2-PCEa, Fig. 4) . 309
Dechlorination of cis-DCE to VC and ethene was evaluated with SL2-PCEa. These two dechlorination 310 steps occurred in the presence of forsterite, fayalite and diopside, but not with andradite (Fig. 4) . 311
However transformation of cis-DCE and VC occurred at much lower rates than in the positive control 312 although the pH remained neutral. Transformation of VC to ethene took 16 days in the positive control 313
while it took about 148 days in the batch with forsterite. With diopside and fayalite, VC dechlorination 314 was completed to 81% and 34%, respectively, after 185 days of incubation. 315
Influence of silicate mineral dissolution on redox potential 316
An indication of a changing redox state of the medium was given by resazurin which is a redox 317 indicator that is colorless at a redox potential ≤ 100 mV and pink under more oxidizing conditions (51). 318
In batch cultures amended with andradite, the medium became pink after 1 day for the consortium SL2-319 PCEa and after 5 days for the consortium SL2-PCEb. No change in medium coloration was observed for 320 the other minerals. It has been reported that at a redox potential > 100 mV the growth of OHRB is not 321 possible (52). 322
Release of heavy metals by the silicate minerals 323
The silicate minerals used in this study contain traces of heavy metals that could possibly have an 324 inhibitory effect on dechlorination by OHRB. The concentration of dissolved heavy metals in solution at 325 the end of the experiments and known to be toxic for bacteria, are presented in Table S4 . Of the nine 326 heavy metals tested (Zn, Cu, Mn, Cd, Co, Cr Ni, Pb and As), only two (Mn and As) were present in 327 higher concentration in batches with silicate minerals then in the controls. 
Influence of pH on OHR activity 332
This study showed noticeable differences in pH sensitivity between the different steps of the PCE 333 dechlorination pathway. The last steps from cis-DCE to ethene were more sensitive towards acidic pH 334 than the transformation of PCE to cis-DCE. This pattern can be explained by the different sensitivity of 335 the different OHRB involved in PCE dechlorination. Consortium AQ-5 is mainly composed of a 336
Dehalobacter population that dechlorinated PCE to cis-DCE and a Dehalococcoides population able to 337 form ethene. At pH 7.0 where ethene was formed, Dehalococcoides spp. was the predominant 338 population at the end of the experiment while at pH 6.5, Dehalobacter spp. was predominant and cis-339 DCE was the dechlorination end product, indicating that the former population was extremely pH 340 sensitive unlike the latter. For consortium SL2-PCEa, composed of Sulfurospirillum spp. and 341
Dehalococcoides spp., the latter was also almost not detected in cultures with acidic pH where PCE 342 dechlorination stalled at cis-DCE. These results indicate that bacteria belonging to the genus 343
Dehalococcoides are quite sensitive toward acidic pH. In addition, the transformation from VC to 344 ethene seemed to be more sensitive towards pH than the dechlorination from cis-DCE to VC, both 345 performed by Dehalococcoides. These results are in agreement with practitioner knowledge and with a 346 study of Rowlands (53) that showed that the range of complete degradation from PCE to ethene was 347 observed between pH 6 and 8.3, whereas partial degradation of PCE to cis-DCE and VC occurred in a 348 broader pH range of 5 to 9 in bacterial consortia. In addition, Löffler et al. (54) The five consortia tested in this study presented different tolerances towards acidic pH. SL2-PCEa was 354 the most tolerant consortium with transformation of VC to ethene down to pH 5.9 while AQ-5 presenteda very narrow tolerance range (production of ethene down to pH 6.4). These two consortia both 356 contained members of the genus Dehalococcoides but probably different strains as indicated by the 357 results of T-RFLP. Identification of Dehalococcoides populations tolerant to mildly acidic pH such as 358 the one present in SL2-PCEa might be of interest for bioaugmentation applications. In addition, it is of 359 importance for application to know the pH sensitivity of the OHRB populations present at a specific site 360 in order to design the appropriate bioremediation approach and to assure that the success of the 361 remediation approach is not hampered due to pH inhibition. The mere detection of presence of 362
Dehalococcoides spp. does not provide sufficient information and laboratory tests could help to get the 363 necessary information. For instance, the influence of pH on each step of the dechlorination pathway 364 with OHRB from the site could be tested following the approach presented in this study. 365
Suitability of silicate minerals as pH buffering agents during OHR of chloroethenes 366
The results of cultures amended with ground silicate minerals confirmed the potential of the latter as 367 acid-neutralizing agents. Previous studies using numerical simulations (28) and abiotic dissolution 368 experiments (29) already indicated that these minerals could be used as pH buffers. The four mineral 369 tested (andradite, fayalite, forsterite and diopside) were predicted to maintain the pH in the suitable 370 range for dechlorination and could theoretically sustain the transformation of PCE to ethene. Results 371 obtained here showed that three of the four minerals indeed enabled PCE dechlorination to ethene 372 whereas in the negative controls dechlorination stalled at VC. However, they also showed that other 373 mechanisms associated with silicate dissolution can negatively influence chloroethene dechlorination 374 rates. 375
Among the four minerals tested, andradite was the only one which inhibited the transformation of PCE. The experiments with the consortia SL2-PCEa indicated that the transformation of cis-DCE to ethene 388 seems to be more sensitive to mineral dissolution than the transformation of PCE to cis-DCE. Since 389
Dehalococcoides spp. seemed to be responsible for cis-DCE and VC dechlorination, the results 390 indicated that OHRB of this genus are quite sensitive to effects that silicate mineral dissolution might 391 have on biological activity. Some trace metals release during mineral dissolution such as manganese or 392 arsenic might have been responsible for the slower cis-DCE dechlorination rates observed. To the best 393 of our knowledge, there are no studies to date investigating the toxicity of these metals on cis-DCE-394 dechlorinating bacteria. Metal toxicity studies have been conducted with other bacteria involved in 395 halogenated compound biodegradation, but they are limited to a restricted number of organic 396 compounds (trichloroaniline, 2-chlorophenol, 3-chlorobenzoate, hexachlorobenzene, 397 pentachlorophenol) (59). These studies reported that the lowest concentration, at which inhibition by 398 manganese was observed, was equal to 28.2 mg l -1 (i.e. 0.51 mM), which is much higher than the 399 concentration measured in this study (i.e. around 1 mg l -1 or 0.018 mM). Additional studies should be 400 conducted to investigate the exact reason for the inhibition observed in presence of silicate mineral. 401
The lower rates of cis-DCE and VC dechlorination were perhaps a consequence of the experimental 402 approach chosen. Indeed, in a batch system, nutrient depletion and accumulation of toxic or redox active 403 compounds are increasing with time. In contrast, under field conditions, these effects are less likely to 404 occur, due to the renewal of the pore water through groundwater flow. Further studies should beconducted in continuous flow systems to evaluate the feasibility of overcoming this issue and to assess 406 the buffering efficiency of the minerals on the long term. 407
An important issue for field applications of the pH control approach developed in this study is the 408 delivery of the mineral to the subsurface. This was beyond the scope of this study but has been 409 addressed by Piegat and Newman (60) which studied experimentally the transport of insoluble solid 410 buffer made of calcium carbonate in column experiments. They showed that colloidal suspension of 411 CaCO3 particles stabilized with selected additives to produce a negative charge were able to travel 412 sufficiently in the subsurface with significant alkalinity retained and a decrease of permeability less than 413
10%. 414
In conclusion, this study showed that each step of the PCE dechlorination pathway present a different 415 sensitivity toward acidic pH, with an increasing sensitivity for the degradation of lesser chlorinated 416 ethenes. In addition, it is very likely that different populations of Dehalococcoides can have different 417 sensitivity toward acidic pH which has important implications for in situ bioremediation and 418 demonstrate the need to carefully evaluate the pH sensitivity of native OHRB present at a site. It also 419 put in evidence the need to develop appropriate pH control strategies to avoid accumulation of toxic 420
intermediates. The results obtained with silicate mineral powder as pH buffering agents showed that 421 these minerals are able to neutralize acidity produced by OHRB without leading to pH overshooting and 422 allowed ethene formation from PCE. However, interactions between minerals and OHRB activity need 423 to be carefully evaluated as silicate mineral decreased the transformation rates of cis-DCE to ethene. 424
28.
Lacroix E, Brovelli A, Holliger C, Barry DA. Dehalococcoides Sulfurospirillum Others Dehalococcoides Dehalobacter Others pH 5 2.8 ± 0.6 78.3 ± 6.7 18.9 ± 6.2 pH 5.5 1.9 ± 0.4 68.1 ± 3.0 30 ± 3.3 pH 6 81.8 ± 1.8 14.7 ± 1.9 3.5 ± 1.0 pH 6.5 76.9 ± 4.5 21 ± 2.8 2.1 ± 2.1 2.9 ± 1.3 74.1 ± 1.1 23.0 ± 1.9 pH 7 79.4 ± 2.2 18.1 ± 1.1 2.5 ± 1.2 75.6 ± 4.6 23.8 ± 4.2 0.9 ± 1.3 pH 7.5 77.5 ± 1.1 21.6 ± 1.7 0.9 ±0.8 a Each T-RFLP was performed in triplicate with three different restriction enzymes. In the consortia 658 SL2-PCEb and AQ-1, no significant changes of the community composition were observed since only 659 one OHRB was present. 
